In this study, the optimal arm strokes in crawl swimming which maximize the swimming speed and propulsive efficiency were solved computationally. For this objective, an optimizing method which consisted of the random search and the PSO (Particle Swarm Optimization) algorithm was constructed. In order to consider the muscle strength characteristics of the swimmer as the constraint condition of the optimization, an experiment to measure the maximum joint torques was carried out for various joint angles and angular speeds. Using the measured experimental data as the reference values, a musculoskeletal simulation model was constructed. By the constructed musculoskeletal model, muscle strength characteristics in various conditions were investigated and used to create a database. Using this database, the optimizing calculation was finally conducted and the following results were obtained: In the optimization maximizing the swimming speed, the swimming speed became maximum when the stroke cycle was 0.9 s. A relatively I-shaped stroke was obtained in this case. In the optimization maximizing the propulsive efficiency, the propulsive efficiency became maximum when the stroke cycle was 1.3 s. A relatively S-shaped stroke was obtained in this case. Two strokes which respectively maximized the swimming speed and propulsive efficiency were very similar to each other when the stroke cycles were the same. The swimming speeds and stroke cycles obtained in the optimizing calculation were within reasonable ranges compared to the actual races.
Introduction
The crawl is the fastest stroke among all strokes for humans. The main component of thrust in the crawl is considered to be produced by the upper limbs, especially by the hands and forearms (1) . Therefore, the style of arm stroke is extremely important in the crawl. For this reason, numerous studies related to the arm stroke have been conducted to date. For example, the fluid force was discussed for given hand motions after obtaining experimentally the steady drag/lift acting on the hand (2)(3) (4) . In order to obtain the characteristics of fluid force acting on the hands and forearms numerically, CFD (computational fluiddynamics) studies were conducted (5)(6) (7) . The fluid force acting on the hands and forearms in the unsteady condition was measured using a moving cylinder (8) , arm model (9) (10) , and a robot arm (11) (12) . The fluid force acting on the hand of an actual swimmer in the unsteady condition was estimated using pressure sensors attached to the swimmer's hand (13) . The flow field around a swimmer has been investigated by means of the PIV (particle image velocimetry) method to understand the mechanism of thrust generation (14) .
These above studies can be summarized as to analyze the swimming motions for existing athlete swimmers or to estimate the characteristics of the fluid forces acting on the hands and forearms. However, there have been almost no studies which solve computationally the 'optimal' stroke. Only Ito and Okuno (15) (16) conducted a pioneering work in which they solved the optimal stroke direction to maximize the thrust and efficiency from the lift/drag characteristics of the hand.
In the actual swimming, the arm stroke is realized not only by the hand and forearm, but also by the combined motion of the joints of the upper limbs. The trunk is also conducting a complicated three-dimensional motion in the water. Therefore, the optimal arm stroke should be solved taking the whole body motion of the swimmer into account. As a tool to treat the whole body dynamics in swimming, the swimming human simulation model SWUM has been developed by the authors' group. By SWUM, the movement of the whole body can be obtained when the body geometry and joint motions of the swimmer are given. Many studies by SWUM, including its validation and application, have been already conducted to date (17) ∼ (25) .
In addition to these studies, the optimization of the arm stroke in the crawl using SWUM has already been conducted as well (26) . In this study, the genetic algorithm as an optimizing method was incorporated into SWUM, and the strokes which respectively maximize the swimming speed and propulsive efficiency were obtained. It is noted that, as another analyzing tool for the whole body dynamics, Keys et al (27) recently constructed a full body CFD model for crawl swimming. This model is very useful for understanding comprehensively the flow field around the swimmer. However, it is difficult to use the CFD model for the optimization of the arm stroke due to the large amount of computation.
Another important issue to be considered in the optimization of the arm stroke is that the swimmer's motion is realized by contractions of skeletal muscles. It makes no sense to solve the optimal motion if it can not be realized with the muscle strength of the actual swimmer. Therefore, muscle strength characteristics must be taken into account as a constraint condition of the optimization. In the above-mentioned previous study (26) , the muscle strength characteristics were expressed by the maximum joint torque characteristics of the shoulder and elbow joints. The maximum joint torque characteristics were considered as functions which depended only on joint angles. However, the maximum joint torque generally changes according to changes in the angle of other degrees-of-freedom. For example, the maximum joint torque of shoulder adduction changes according to the angle of shoulder external/internal rotation. In addition to this, the maximum joint torque characteristics also depend on the motion speed. Therefore, in order to obtain a more appropriate solution for the optimization, it is indispensable to express the muscle strength characteristics of athlete swimmers in more detail, and to use those characteristics as the constraint condition for the optimization. The objectives of this study were (i) to construct an optimizing method to solve the optimal arm stroke in the crawl, (ii) to measure the muscle strength characteristics of athlete swimmers experimentally, (iii) to incorporate those characteristics into the optimizing calculation as the constraint condition, (iv) and finally to solve the optimal arm stroke in the crawl computationally. In this paper, the constructed optimizing method is described in §2. The construction of muscle strength characteristics as the constraint condition is explained in §3. The results of optimization are shown and discussed in §4. The conclusions are summarized in §5.
Note that the "athlete swimmers" in this paper is defined as all competitive swimmers who are training daily for the races. It includes collegiate swimmers as well as world championship finalists, for example. More specific optimization and discussion distinguishing the Vol.7, No.2, 2012 Fig. 1 Schematic figure of flow of optimization collegiate swimmers and world championship finalists will be the next step.
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Optimizing Method
Flow of optimization
The flow of optimization is schematically shown in Fig. 1 . In order to obtain the optimal solution as global as possible within a reasonable computation time, two step optimization was employed in this study. In the first step, the simple random search was used for global searching. In this search, 10,000 randomly generated arm strokes are evaluated and the best 20 are employed for the initial candidates of the second step. In the second step, the PSO (Particle Swarm Optimization) algorithm (28) was used for fine searching.
Outline of the swimming human simulation model SWUM
In order to evaluate the arm strokes in the optimizing calculation, the swimming human simulation model SWUM was employed. SWUM is designed to solve the six degrees-offreedom absolute movement of the whole swimmer's body as single rigid body by time integration using the inputs of the swimmer's body geometry and relative joint motion. Therefore, the swimming speed, roll, pitch and yaw motions, propulsive efficiency, joint torques and so on, are computed as the output data. The swimmer's body is represented by a series of 21 rigid body segments as follows: lower and upper waist, lower and upper chest, shoulder, neck, head, upper and lower hip, thighs, shanks, feet, upper arms, forearms and hands. Each body segment is represented by a truncated elliptic cone. The unsteady fluid force and gravitational force are taken into account as external forces acting on the whole body. The unsteady fluid force is assumed to be the sum of the inertial force due to the added mass of the fluid, normal and tangential drag forces and buoyancy. These components are assumed to be computable, without solving the flow, from the local position, velocity, acceleration, direction, angular velocity, and angular acceleration for each part of the human body at each time step. The coefficients in this fluid force model were identified using the results of an experiment with a limb model and measurements of the drag acting on swimmers taking a glide position in the previous studies (18) . As a result of the identification, the fluid force model was found to have satisfactory performance. For the simulation example of six beat crawl stroke in the previous study, the swimming speed of the simulation became a reasonable value, indicating the validity of the simulation model. With respect to the six beat crawl, the authors have already analyzed contributions of each fluid force component and of each body part to the thrust, effect of the flutter kick, estimation of the active drag, roll motion, and the propulsive efficiency (19) . Analyses of the other three strokes and a comparison among four strokes (including the crawl) have also been carried out (20) . In addition to these, analysis and optimization of the underwater dolphin
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Vol. 7, No.2, 2012 kick have been conducted (21) . Their details are described in the references, respectively. Some of the analysis data and animation movies are open to the public at the SWUM website (17) .
Note that the standard model parameters which were used in the previous studies (18) (19)(20) , such as the body geometry and fluid force coefficients, were also used in the present study. These parameters are fully described in the sample data files for analyses of the four strokes, which are available on the website (29) .
Design variables
In SWUM, the input swimming motion in one stroke cycle is represented as the time histories of the joint angle. In this study, one stroke was divided into 6 time frames for the upper limbs and 18 for the lower limbs. The joint angles between each of the two frames are automatically interpolated using the Spline function. The upper limb motion was represented by five degrees-of-freedom (DOF), that is, three at the shoulder joint and two at the elbow joint (flexion/extension and supination/pronation). Each of the five joint angles at three time frames, in which the arm is underwater, was chosen as the design variables. Therefore, the total number of design variables was 15 (5 DOF × 3 frames).
Objective functions
Two objective functions were employed in this study. One was maximizing the swimming speed, which aimed to obtain the fastest stroke for a relatively short distance race. The other was maximizing the propulsive efficiency, which aimed to obtain the most efficient stroke for a relatively long distance race. In the present study, the propulsive efficiency is defined as
where U, D and P respectively represent the time-averaged swimming speed, drag when the swimmer takes gliding position, and time-averaged power consumed by the swimmer.
Constraint conditions
In the present study, three constraint conditions were imposed on the optimizing calculation. The first one related to the adduction angle of the shoulder joint. In the crawl, the adduction angle is considered to monotonously increase (the arm moves from head side to foot side). Therefore, when the three adduction angles for the three time frames were output from the optimizing algorithm, the order of these joint angles were rearranged so that the adduction angles monotonously increase. This constraint enabled to exclude too unrealistic arm strokes.
The second constraint was to prevent the penetration of the hand to the trunk of the swimmer. An example of a penetrating situation is shown in Fig. 2 . In order to prevent such a situation, a database to judge the penetration was constructed by calculating whether the hand penetrates the trunk or not for various joint angles. Using this database, the maximum elbow flexion angle could be calculated. Therefore, if the elbow flexion angle output from the optimizing algorithm exceeded this limit, the flexion angle was forcibly reduced to the limit.
The third constraint related to the muscle strength characteristics of the swimmer. The details are described in the next section. 
Construction of Muscle Strength Characteristics as a Constraint Condition
Overview of constructing method
In the present study, the muscle strength characteristics were defined as the maximum joint torques of the shoulder and elbow joints. Since the maximum joint torques are affected by the joint angles and angular speeds, they are not constant in the swimming stroke. Therefore, they were investigated and incorporated into the optimizing calculation in the present study as follows.
To begin with, an experiment using subject swimmers was conducted in order to experimentally acquire the maximum joint torques for various joint angles and angular speeds. The acquired experimental characteristics, however, were not sufficient for the optimization since the data were obtained only in limited experimental conditions. There were actually numerous combinations of angles and angular speeds of shoulder and elbow joints during the swimming stroke. In order to solve this problem, a musculoskeletal simulation in which the muscle activations were obtained for numerous combinations of joint angles, angular speeds, and torques was carried out. By using the information obtained by this simulation, it was enabled to calculate the maximum joint torque when a certain muscle was fully activated. Before the simulation, the musculoskeletal model had to be able to reproduce the experimental results. Therefore, the muscle parameters in the constructed musculoskeletal model were adjusted so that the simulation could reproduce the experimental characteristics.
Using the adjusted muscle parameters, the maximum joint torques for various combinations of the angles and angular speeds of the shoulder and elbow joints were calculated by the simulation. The results were stored in the computer as a database, which was referred in the optimizing calculation. The reason for constructing the database was that the musculoskeletal simulation took too much computation time to be directly incorporated into the optimizing iteration. In the optimizing calculation, the maximum joint torques were calculated at each time step in SWUM by the interpolation of the database values. If a joint torque during swimming calculated by SWUM exceeded the maximum joint torque, a penalty term was added to the objective function so that the resultant objective function was reduced.
The details of the above procedure are described in the following sections.
Experiment using subjects
The subjects were five well-trained competitive collegiate athlete male swimmers. The average of their personal best records of 100m freestyle was 54.1s. Isometric and isokinetic measurements for the shoulder and elbow joints were conducted. Biodex Multi-Joint System 3 (Biodex Medical Systems Inc., New York) was used for the measurements. In this system, various joint torques can be measured by changing the attachments. A photographed example of the experiment is shown in Fig. 3 . For the present study, flexion/extension, abduction/adduction, external/internal rotations of shoulder and extension of elbow were measured. For the isometric measurements, three joint angles in the range of motion were carried out for each motion. For the isokinetic measurements, on the other hand, two joint angular speeds were carried out for each motion. The actual values of these joint angles and angular speeds are shown in Table 1 . The measurements were conducted for the subjects' dominant arms. Both the isometric and isokinetic measurements were performed three times for each motion. For the isometric measurements, the subjects performed their full-strength for five seconds at the determined joint angles.
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Musculoskeletal model of the upper limb
The musculoskeletal model of the upper limb is shown in Fig. 4 . A commercial software, AnyBody Modeling System (AnyBody Technology), was used for the modeling. Seventeen muscles around the upper limb were represented as wires. The muscle parameters in the model were adjusted so that the maximum joint torques obtained by simulation reproducing the experimental condition were as consistent as possible with those in the experiment. The actual adjusted muscle parameters were muscle tension when the contraction speed was zero (F0), muscle fiber length in the natural condition (Lfbar), and pennation angle in the natural condition (Gammabar) for the isometric experiment. For the isokinetic experiment, the ratio of fast muscle fiber (Fcfast) and maximum contraction velocity per unit length of the slow muscle fiber (K1) were adjusted. Note that the Min/Max Criterion (30) was employed for the algorithm to determine the distribution of muscle recruitment.
Results of adjusting parameters for the musculoskeletal model
As an example, the experimental result of the muscle strength characteristics for shoulder extension is shown in Fig. 5 . In Fig. 5(a) , the maximum joint torques calculated by the musculoskeletal model with the default muscle parameters are shown as solid lines. The experimental results are shown as dots (averaged values) and error bars (the range of standard deviations) for the five subjects. It can be seen that the musculoskeletal simulations underestimated the maximum joint torques. This suggests that the competitive athlete swimmers have the muscle strengths considerably stronger than ordinary people. On the other hand, the maximum joint torque calculated with identified (adjusted) muscle parameters are shown as solid lines in Fig. 5(b) . It was found that the discrepancy between the simulation and experiment became considerably smaller, and therefore the musculoskeletal simulation could sufficiently reproduce the experimental characteristics. The muscle strength characteristics for the other three degrees-of-freedom are shown in Fig. 6 . Although some discrepancies between the sim- ulation and experiment still remained, the overall reproducing performance of the simulation is considered to be satisfactory.
Journal of Biomechanical Science and Engineering
Vol.7, No.2, 2012
Construction of database for optimization
Using the adjusted musculoskeletal model, the maximum joint torques for various combinations of the angles and angular speeds of the shoulder and elbow joints were calculated. The condition of calculation for the elbow joint is shown in Table 2 . In this calculation, the joint angles of shoulder and elbow, except the elbow flexion, were fixed as: abduction; 20, horizontal flexion; 0, external rotation; 0, and pronation; 0 degrees, respectively. In the simulation, a load was applied at the wrist and the muscle activity was calculated. Then, the weight of the load was gradually increased until the muscle activity of some muscle reached 100%. The joint torque of this reaching point was regarded as the maximum joint torque.
The condition of calculation for the shoulder joint is shown in Table 3 . In this calculation, the shoulder basically performed adduction motion. In addition to the pure adduction, inclination of the motion was also considered as a variation (the fifth line in Table 3 ). Simultaneous external rotation was also considered (the sixth line in Table 3 ). With respect to the loading condition, torques (the seventh line in Table 3 ) as well as loads (translational force) in various directions (the eighth line in Table 3 ) were applied at the elbow joint location. By a procedure similar to that used for the elbow, the maximum joint torques in various conditions were calculated.
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Results and Discussion
Using the optimizing method described in the previous sections, the optimizing calculation was conducted. The results are as follows.
Results of maximizing swimming speed
The optimal arm strokes maximizing swimming speed were obtained at the given stroke cycles. The relationship between the given stroke cycle, T , and resultant swimming speed, U, for the optimal strokes is shown in Fig. 7 . From the figure, it was found that the swimming speed became the maximum (1.99 m/s) when T = 0.9 s. The swimming speed when T = 0.8 s became lower than that of T = 0.9 s. This was caused by the muscle strength characteristics. Because of the muscle strength characteristics, the swimmer in the simulation could not produce large joint torque for the fast motion. Therefore, too short stroke cycle did not bring the fast swimming speed. Note that the optimizing calculation failed when T = 0.7 s, that is, the optimum stroke did not bring the stable swimming movement. This was also because of the muscle strength characteristics since only very small joint torque were permitted for such fast motion, resulting in the difficulty to find the appropriate stroke in the optimization.
The swimming motion when T = 0.9 s is shown in Fig. 8 . Note that t * is the nondimensional time normalized by the stroke cycle. Therefore, t * = 4.0 means just after four cycles and t * = 5.0 means just after five cycles. It can be seen that the obtained stroke is not an eccentric one, but ordinary and relatively so-called 'I-shaped' or 'straight pull' stroke. The components of fluid force acting on the left upper limb in one stroke cycle is shown in Fig. 9 . It was found that the thrust component, x, has two peaks. The first one is around 4.2 s, that is, at the timing of the so-called 'pull' motion. The second one is around 4.4 s, that is, at the timing of the 'push' motion. The valley between the two peaks is around 4.3 s, that is, the 'insweep' motion. The joint torque of the left elbow during the underwater stroke (t * = 4.0 ∼ 4.6) is shown in Fig. 10(a) . The dotted line represents the maximum torque as the constraint condition. It was found that the elbow torque does not reach the maximum (limit) value. The joint torque of the left shoulder during the underwater stroke is shown in Fig. 10(b) . It can be seen that the shoulder torque reaches the limit at 4.3 s. This timing is consistent with that of the valley between the two peaks of the thrust, as shown in Fig. 9 . The two peaks of the thrust are generally known in the studies of swimming (31) . The present simulation result suggests that the valley between the two peaks is caused by the limit of muscle strength around the shoulder joint. To see the change in the swimming motion according to the change in the given stroke cycle, the swimming motion when T = 1.3 s (swimming speed was 1.7 m/s in this case) is shown in Fig. 11 . It was found that the stroke became a so-called 'high-elbow' at the 'catch' phase (t * = 4.20). It also can be seen that the hand path became more curved and therefore became a so-called 'S-shaped' stroke. This tendency can be seen more clearly in Fig. 12 . In this figure, the loci of the left hand tip from the bottom of the swimmer are depicted. The loci are observed from a moving coordinate which propels at a constant average swimming speed together with the swimmer. From the figure, it was found that the hand path changes from straight to curved according to increases in the stroke cycle. In addition to the shape of the hand path, the style of finishing the underwater stroke when T = 0.9 s was also different from that when T = 1.3 s. From the comparison of Fig. 8 (t * = 4.44, right figure) and Fig. 11 (t * = 4.44, right figure), it can be seen that the hand did not push the water at this moment by turning the palm to the side when T = 0.9 s, while the hand pushed the water firmly when T = 1.3 s. This avoidance of pushing the water when T = 0.9 s may contribute to enabling the swimmer to make the stroke cycle shorter. In other words, when T = 0.9 s, selecting the short stroke cycle, which was realized by not-pushing the water at the finish, was taken as the strategy to maximize the swimming speed.
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Results of maximizing propulsive efficiency
The relationship between the given stroke cycle, T , and resultant propulsive efficiency, η, for the optimal strokes maximizing the propulsive efficiency is shown in Fig. 13 . From the figure, it was found that the propulsive efficiency became the maximum (0.295) when T = 1.3 s. The swimming motion when T = 1.3 s is shown in Fig. 14 . It was found that the obtained stroke became relatively S-shaped, and also 'high elbow' at the catch phase (t * = 4.20).
The components of fluid force acting on the left upper limb in one stroke cycle is shown in Fig. 15 . It was found that the thrust component, x, still had two peaks, although the height of the second peak (t * = 4.4) was relatively lower than that in the case of maximizing swimming speed (Fig. 9 ). It can be seen that the thrust is larger at t * = 4.44 in Fig. 15 than that in Fig. 9 , since the hand pushes the water firmly, as shown in Fig. 14 (t * = 4.44). In addition to this, it was found that the components in the y and z directions were much smaller at t * = 4.44 than those in Fig. 9 . This means that the thrust was produced efficiently without producing components in other directions, and therefore may contribute to the high propulsive efficiency. The joint torque of the left elbow during the underwater stroke (t * = 4.0 ∼ 4.6) is shown in Fig. 16(a) . Unlike the case of maximizing swimming speed (Fig 10(a) ), the joint torque of the elbow almost reached its maximum when pushing the water (t * = 4.4). The joint torque of the left shoulder during the underwater stroke is shown in Fig. 16(b) . It can be seen that the shoulder torque reached the limit twice at 4.27 s and at 4.37 s. These timings are respectively consistent with the valley and the second ascent in Fig. 15 . 
Further discussion
In the previous sections, two cases of maximizing the swimming speed and propulsive efficiency were respectively discussed. In this section, these two cases are compared with each other. The relationship between the stroke cycle and swimming speed in the case of maximizing propulsive efficiency is shown in Fig. 17(a) . Note that the propulsive efficiency was maximized in this calculation as shown in §4.2. From this figure, it was found that the obtained swimming speeds were very close to those obtained in the calculation of maximizing swimming speed, which is shown in Fig. 7 , although the peak value (1.94 m/s when T = 0.9 s) was slightly lower than that in the case of maximizing swimming speed (1.99 m/s when T = 0.9 s). Conversely, the relationship between the stroke cycle and propulsive efficiency in the case of maximizing swimming speed is shown in Fig. 17(b) . Note that the swimming speed was maximized in this calculation as shown in §4.1. From this figure, it was found that the tendency of the obtained propulsive efficiency is similar to that in the calculation of maximizing propulsive efficiency, which is shown in Fig. 13 , although the values for high stroke cycles (T = 1.2 ∼ 1.5) were relatively lower. With respect to the swimming motion, the swimming motions of maximizing swimming speed and propulsive efficiency at a high stroke cycle (T = 1.3 s) has already been shown in Fig. 11 and Fig. 14, respectively . By comparing these two swimming motions, it was found that both of them were relatively Sshaped strokes and very similar to each other. In addition to these, the swimming motion of maximizing propulsive efficiency at a low stroke cycle (T = 0.9 s) is shown in Fig. 18 . By comparing this motion with that of maximizing swimming speed when T = 0.9 s (Fig. 8) , it was found that both of them were relatively I-shaped and very similar to each other as well. From these investigations, it can be concluded that there are no major differences between the strokes maximizing swimming speed and propulsive efficiency when the stroke cycles are the same. However, the optimal stroke changes due to the change in the stroke cycle. Therefore, the highest swimming speed and the highest propulsive efficiency are respectively realized by different strokes for the different stroke cycles (that is, T = 0.9 s and T = 1.3 s, respectively).
Furthermore, the results of swimming speed and stroke cycle were compared with those in the actual races. The race results of the 10th FINA World Championships 2003 Barcelona have been reported in detail (32) . According to the report, the average swimming speed of the eight swimmers in the final race of the 50 m freestyle men was 2.09 m/s. Note that this swimming speed was the one in which the effects of the start and turns were excluded in the race analysis. As described in §4.1, the maximum swimming speed obtained in the present study was 1.99 m/s. Although this swimming speed was slightly lower than 2.09 m/s, the result was reasonable considering that the muscle strength characteristics of the subject swimmers were considered to be somewhat lower than that of the Olympic finalists. The stroke cycle in the same race was reported to be 0.88∼1.18 s (average: 1.02 s). The stroke cycle which gives the maximum swimming speed in this study was 0.9 s, as shown in Fig. 7 . This value was reason- able as well since this value is within the range of the Olympic finalists, 0.88∼1.18 s, although the average value of the actual race (1.02 s) was slightly higher (slightly slower motion) than that of the simulation. As the reason for the discrepancy between the optimal stroke cycles of the simulation (0.9 s) and the finalists (average 1.02 s), there is a possibility to overestimate the muscle strength at the fast motion in the simulation. More detailed investigation will be the future task. Unlike maximizing swimming speed, it is not easy to compare swimming speed and stroke cycle in the optimization maximizing the propulsive efficiency with those in the actual race. The swimming speed in the case of maximizing propulsive efficiency was 1.71 m/s. For example, the average swimming speed of the finalists in the 1500 m freestyle men in 2003 Barcelona was 1.60 m/s, which is much lower than 1.71 m/s. This may be because the swimming speed of 1.71 m/s is too high for a long distance event due to physiological limitations such as oxygen supply by the cardiorespiratory system and accumulation of lactic acid. If it is assumed that the swimming speed in this optimization becomes slightly lower than the finalists as the same as the case of maximizing swimming speed, the value slightly higher than 1.71 m/s should be selected for the comparison. Since 2.09 m/s of the 50 m freestyle men was 5% higher than 1.99 m/s of the simulation in the case of maximizing swimming speed, the swimming speed which is close to 1.80 m/s (5% higher than 1.71 m/s) should be selected. Therefore, 200 m freestyle men, whose average swimming speed was 1.78 m/s, was selected for the comparison. In this event, the stroke cycle was reported to be 1.28∼1.46 s (average: 1.37 s). The stroke cycle of 1.3 s, which gave the maximum propulsive efficiency in the present study, was exactly within this range, suggesting that the result of maximizing propulsive efficiency was reasonable. For the long distance events, the definitions of optimization problem other than maximizing propulsive efficiency can be possible, such as maximizing swimming speed under the condition of not full (100%) strength, but lower, for example, 80%, 60% 40% strength. Such investigation as well as more detailed comparison with actual races will be the next task.
Conclusions
In this study, the optimizing simulations of the crawl were conducted for maximizing the swimming speed and propulsive efficiency, considering the muscle strength characteristics of
